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Abstract

This report details the comparison of ATLOG modeling results for the response of a
finite-length dissipative aerial conductor interacting with a conducting ground to a
measurement taken November 2016 at the High-Energy Radiation Megavolt Electron
Source (HERMES) facility. We use the ATLOG time-domain method based on
transmission line theory. Good agreement is observed between simulations and
experiments.
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1. INTRODUCTION

The purpose of this report is to provide a comparison of results for the current induced on finite-
length dissipative aerial conductors interacting with a conducting ground when excited by an
electromagnetic pulse (EMP). We consider the following two environments:

1. November 2016 experiments taken at the High-Energy Radiation Megavolt Electron
Source (HERMES) facility [1];

2. Time-domain ATLOG model based on transmission line theory, whose formulation can
be found in [2-3].

The goal is to identify the minimal set of information required to simulate the current on the
aerial cable. This is important due to great uncertainty in some of the parameters during the
experiment.






2. DATA AVAILABLE FROM THE NOVEMBER 2016 HERMES
EXPERIMENT FROM SHOT 10298

We concentrate on shot 10298 of the November 2016 HERMES EMP experiment [4]. The
configuration layout is schematically reported in Figure 1. Both buried and aerial cables are
present, but only aerial cables will be investigated in this report; buried cables will be analyzed
in a future effort.

The cables of interest are ibis-class aluminum conductor steel-reinforced (ACSR) cables, 12 m
long and left open-circuited at both terminations. In the aerial case, the cable is at a height of
0.88 m. There are three electric field probes (3DZ, 4DZ, and 6DZ) that collect the EMP exciting
field and time dependence. There are also current measurement probes located at the center of
the buried cable and at z = 7.47 m for the aerial cable.

Since the excitation field is measured with all the cables present in Figure 1, we decided to
consider only the aerial ibis cable and ignore the effects from other cables nearby. Also, note the
ibis cable is closest to the ground, which introduces some isolation from the other cables. Finally,
the ibis cable is double the length of the other cables.

6DZ (-3.8m,1.54m,5.252m) 4DZ (-1.699m,1.531m,5.258m) 3DZ (4.66m,1.575m,5.288m)
o [ J [
Bundle comm cable Buried cables Aerial cables Bundle comm cable

- - 2.62m,1.14m,4.47-10.47m

(-2.62m,1.14m,4.47-10.47m) Concrete y ( . )
Single comm cable Single comm cable
(-3.38m,1.14m,4.47-10.47m) —-> . .E (3.38m,1.14m,4.47-10.47m)

X IBIS cable

IBIS cable (3m,0.88m,4.47-16.47m)

(-3m,0.76m,4.47-10.47m)

Figure 1. Schematic of shot 10298 of the November 2016 HERMES
experiment. The wires are along the z-direction and only a cross
section is shown for simplicity.
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3. MODELING OF THE AERIAL CABLE IN THE NOVEMBER 2016
HERMES EXPERIMENT FROM SHOT 10298

In this section we report the modeling of the aerial cable in the environment reported in Figure 1.
First of all, we use the measured electric fields (3DZ, 4DZ, and 6DZ) from the trials as the
source term for the ATLOG model. The 12m-long ibis cable is assumed to have ¢, = ¢, (i.e. no

coating), radius @ = b =0.3915 inches, and a DC solid wire conductivity o, =2.3x10" S/m. The

DC resistance is fixed at R = . Note that this value does not really represent the true

2
ma“o,

dynamic internal impedance per unit length of the wire. We will assess its effect in the final
figure of the report. The cable is left open-circuited at both ends. We use the data from the 3DZ
probe as the source term for the ibis cable. As the probe is located above the wire, we impose a
linear approximation of the field approaching the ground. Therefore, along the wire, the field
should be scaled as

Ez ry’[):ylEz(rb’t) (1)
0

where y is the height of the cable at position 7, , and y, is the y-location of the 3DZ probe at

position 7, and E._(r;,¢) is the time dependence of the field at the measurement point 7, .

x 10"

—2=447m

Electric field along cable (V/m)

0 200 400 600 800
Time (ns)

Figure 2. Electric field at three different locations along the cable as
dictated by Eq. (2).

While this correction takes the field to the cable height, it still needs to be distributed along the

cable length, which runs from 4.47 m to 16.47 m (this requires both a scaling and a delay along
the line). We take this distribution as

11



2
E.(r,t)= :%Ez(ry,t —3 )

where r is the locus of points along the cable and ¢ the speed of light. The excitation field at
three different locations along the cable as dictated by Eq. (2) is reported in Figure 2. One can
see that for increasing distance from the source (located at the origin of the reference system) the
field is both attenuated and delayed.

To show that the model in Eq. (2) is reasonable, we apply it to predict the fields measured by
4DZ using the 3DZ data, and compare it to the actual 4DZ measurements. This result is shown in
Figure 3. The agreement between the two curves shown in Figure 3 indicates that Eq. (2) can be
used to model the field along the ibis cable. The scaling difference of about 1.35 between the two
curves could be due to measurement artifacts.

10000 .'?"i —3DZ probe model to 4DZ,
) { |- 4DZ probe
> 50001
=
i
e 0
=
b
= -5000¢

0 200 400 600 800
Time (ns)

Figure 3. Comparison of the electric field obtained from the model in Eq. (2)
for the field at the 3DZ probe location scaled to the 4DZ location
with what actually measured at the 4DZ probe location.

Guided by the experimental data [4], the parameters we first take in this section on the
simulations are as follows: lossy ground with ¢&,=3¢g  (ie. concrete) and

o, = {).OOIS,0.0I}S/m , no air conductivity. We report the current at z = 7.47 m for the two

ground conductivity cases in Figure 4, and compare the two results with the experimental data.
One can see that the result for o, =0.01S/m shows an oscillatory behavior with similar

frequency content as observed in the experiment, but with slower decay rate. The decay rate is
improved by considering o, =0.00155/m . However, a careful look at the data shows that the

highest current peak is not accurately predicted, which suggests the presence of air conductivity
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in the early radiation phase of the pulse. We also want to mention that considering ¢, =10¢,

instead of &, =3¢, would produce a small effect on the current results (not shown).

50
<
=
[;. — Experiment
T ----- ATLOG O'g ={(.01 S/m
By
= R ATLOG ¢ =0.0015 $/m
= g
b
f
=
O
-50 : . ‘
0 200 400 600 800
Time (ns)

Figure 4. Current versus time for a 12 m long ibis cable with lossy ground
and no air conductivity. Results are based on the time-domain
ATLOG model and the experimental data. The current is
evaluated at z=7.47 m.

Indeed, a careful look at the experimental data [5] shows the presence of air conductivity at early
times. Following what reported in [5], we study two scenarios:

4x10*S/m ¢<80ns
Casel: o,, = .
I1x107°S/m ¢>80ns
. 3)
4x107" S/m ¢<80ns
Case2: o,, =
0S/m t >80 ns

It will be shown that the air conductivity value at later times (i.e. #>80ns) will not affect the
reported predictions. Indeed, the use of o, =5x10°S/m for #>80ns does not show

significant effects (not shown).

We report in Figure 5 the current for the case of o, =0.01S/m, accounting for the two-region air

conductivity model discussed in Eq. (3). One can see that, even with the presence of both ground
losses and air losses, the decay rate is too slow to match with the experimental data. However,
the inclusion of a non-zero air conductivity has reduced the peak current from 50 A to
approximately 30 A, better matching the measurements.
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Figure 5. Current versus time for a 12 m long ibis cable with lossy ground,
o, =0.01S/m, and two-region air conductivity as in Eq. (3).

Results are based on the time-domain ATLOG model and the
experimental data. The current is evaluated at z=7.47 m.

We report in Figure 6 the current for the case of o, =0.00155/m accounting for the two-region

air conductivity model discussed in Eq. (3). In this case, the decay rate well matches the
experimental data and the highest peak is well predicted by the simulation.

)
o

—_ 2
o o

| — Experiment
_____ ATLOG Case 1
......... ATLOG Case 2

Current atz =7.47 m (A)
=

0 200 400 600 800
Time (ns)

Figure 6. Current versus time for a 12 m long ibis cable with lossy ground,
o, =0.00158/m, and two-region air conductivity as in Eq. (3).

Results are based on the time-domain ATLOG model and the
experimental data. The current is evaluated at z=7.47 m.
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All the previous analyses were based on a DC conductivity for the solid wire. We now consider

. . . . R 1 . 1
also the high frequency resistance of a solid wire ——=———, with R =—— and

2ma  7aTO 0,0

5=| 2 . This leads to an effective conductivity o, =2.1x10° S/m. We also consider the
WO,

case of a perfect electric conductor (PEC) wire. The current for these three cases is shown Figure

7. Even though there are complications due to stranding and inner steel core, the comparison of

these three cases shows that, over this time scale, the dominant losses are the ground, and the

cable losses are negligible.

(%]
fen)

[\
o

| — ATLOG PEC
----- ATLOG g, = 2.3x107 S/m

—
o O

| = ATLOG = 2.1x10° S/m

Current atz=7.47 m (A)

0 200 400 600 800
Time (ns)

Figure 7. Current versus time as in Figure 6, for three conditions of the wire
conductivity, specifically PEC, DC, and high-frequency. Results
are based on the time-domain ATLOG model. The current is
evaluated at z=7.47 m.

15



16



4. CONCLUSIONS

In this report we presented model results for the current induced on finite-length aerial
conductors interacting with a conducting ground as in the November 2016 HERMES
environment. We used the time-domain ATLOG model to compare to the experiment. Good
agreement has been observed for aerial cables. Compared to the damping from the ground, it
appears like the air conductivity is important for the early radiation phase of the pulse, and plays
small role at later times. As an outcome of the ATLOG model, we have identified the minimal
set of information required to simulate the current on the aerial cable. This is important due to
great uncertainty in some of the less important parameters (e.g. late-time air conductivity) during
the experiment.
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